Alternative RNA splicing may provide unique opportunities to identify drug targets and therapeutics. We identified an alternative spliced transcript for B-type natriuretic peptide (BNP) resulting from intronic retention. This transcript is present in failing human hearts and is reduced following mechanical unloading. The intronretained transcript would generate a unique 34 amino acid (aa) carboxyl terminus while maintaining the remaining structure of native BNP. We generated antisera to this carboxyl terminus and identified immunoreactivity in failing human heart tissue. The alternatively spliced peptide (ASBNP) was synthesized and unlike BNP, failed to stimulate cGMP in vascular cells or vasorelax preconstricted arterial rings. This suggests that ASBNP may lack the dose-limiting effects of recombinant BNP. Given structural considerations, a carboxyl-terminal truncated form of ASBNP was generated (ASBNP.1) and was determined to retain the ability of BNP to stimulate cGMP in canine glomerular isolates and cultured human mesangial cells but lacked similar effects in vascular cells. In a canine-pacing model of heart failure, systemic infusion of ASBNP.1 did not alter mean arterial pressure but increased the glomerular filtration rate (GFR), suppressed plasma renin and angiotensin, while inducing natriuresis and diuresis. Consistent with its distinct in vivo effects, the activity of ASBNP.1 may not be explained through binding and activation of NPR-A or NPR-B. Thus, the biodesigner peptide ASBNP.1 enhances GFR associated with heart failure while lacking the vasoactive properties of BNP. These findings demonstrate that peptides with unique properties may be designed based on products of alternatively splicing.
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vasoactive ͉ myocardial ͉ kidney G enome-wide analyses have revealed the prevalence of alternative splicing of multiexonic genes (1, 2) . In fact, much of the complexity of the human proteome is accounted for by alternative splicing of messenger RNA. Identification of these altered forms may allow for unique opportunities to diagnose, understand, and treat human disease. Therefore, we hypothesized that it might be possible to identify splice variants and to design therapeutics based on their unique structure and function.
As an example of the wide potential of this technology to alter disease states, we focused on a peptide with broad mechanistic, diagnostic, and therapeutic importance in cardiovascular disease, B-type natriuretic peptide (BNP). BNP is encoded by a small multiexonic gene, and although discovered in brain (3) , is expressed primarily in the heart (4). BNP, like atrial natriuretic peptide and C-type natriuretic peptide, is expressed as a prepro-hormone that is processed to a mature [32-amino acid (aa)] form by extracellular proteases (5) . Mature BNP contains short carboxyl and amino termini and a central 17-aa ring. BNP has important autocrine, paracrine, and endocrine actions that are mediated through the NPRA receptor and activation of cGMP in target cells (6) . Infusion of a recombinant form of mature BNP (nesiritide) has been used clinically in heart failure for its vasodilatory properties (7), but its use has been limited by hypotension and concerns regarding worsening of renal function (8) .
We identified an alternatively spliced transcript of B-type natriuretic peptide resulting from intron 2 retention in failing left ventricular tissue. We further used the unique sequence of the deduced peptide to design a peptide with unique renal protective actions without attendant hypotension.
Results
A BLAST search identified 2 ESTs (accession numbers BQ130258 and CN267260), consistent with intron 2 retention of the BNP transcript that would result in a unique carboxyl terminus while maintaining the amino terminus and ring structure of mature BNP (Fig. 1) . Using primers specific for this transcript, we identified polyadenylated mRNA containing the first and second exons and second intron (lacking the first intron of the BNP gene) in failing human heart tissue ( Fig. 2 A and B) . Sequencing of the PCR product confirmed the identity of this transcript. Using left ventricular tissue obtained pre-and post-LVAD placement, we demonstrated that the level of expression of the alternatively spliced transcript is 2 log-fold less than the wild-type transcript pre-LVAD (Fig. 2C) . Additionally, expression of the alternatively spliced form was decreased with the mechanical unloading associated with LVAD placement (Fig. 2D) .
To determine whether this alternatively spliced transcript resulted in expression of the proposed peptide (referred to as ASBNP), we generated a rabbit polyclonal antiserum to the unique carboxyl terminus of the proposed peptide sequences from the alternatively spliced form. This antiserum specifically detected recombinant ASBNP expressed from baculovirus in Sf9 This article is a PNAS Direct Submission. 1 S.P. and H.H.C. contributed equally to this work. 2 To whom correspondence should be addressed. E-mail: simari.robert@mayo.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0811851106/DCSupplemental. cells compared with uninfected cell supernatants (Fig. 3) as well as ASBNP but not BNP produced by synthesis. Most importantly, we identified immunoreactivity for ASBNP from cardiomyocytes in failing human hearts (Fig. 3) .
Since BNP is known to activate cGMP in an NPRA-dependent manner in endothelium, we compared the ability of ASBNP (generated synthetically) to that of BNP in vitro. ASBNP (unlike BNP) lacked the ability to stimulate cGMP in HUVECs (Fig.  4A) . Furthermore, we also demonstrated that ASBNP lacked the ability of BNP to vasorelax preconstricted arterial rings (Fig. 4B) . Thus, in these in vitro studies, ASBNP lacked the vascular effects of BNP. The potential reasons for the lack of activity in vascular cells and arterial rings would include the length or sequence of the carboxyl terminus which might interfere with receptor binding or activation.
As our interest has been focused on developing therapeutic peptides, consideration was given to the length of ASBNP (60 aa) that might limit the ability for large-scale synthesis and the presence of 3 cysteines that might lead to dimerization and risk of aberrant ring formation. Based on these structural considerations, we designed a carboxyl-terminal truncated form of ASBNP referred to as ASBNP.1 ( Fig. 1) . In vitro, compared with BNP, ASBNP.1 like ASBNP fails to stimulate cGMP in human endothelial or vascular smooth muscle cells at equimolar doses or relax preconstricted human arterial rings ( Fig. 5 A-C) . However, in freshly isolated canine glomeruli, ASBNP.1 had similar ability to stimulate cGMP at equimolar doses to that of BNP (Fig. 5D ). Studies in primary human kidney mesangial cells confirm that ASBNP.1 retained the ability to stimulate cGMP to a similar degree as BNP (Fig. 5E ). Additional studies in mesangial cells demonstrate that the cGMP response to ASBNP.1 is inhibited by HS-142-1 (Tokyo Research Laboratories, Kyowa Hakko Kogyo Co.), suggesting that the effect is mediated through a particulate guanylyl cyclase linked receptor (Fig. 5F ). These data suggest that ASBNP.1 retained the effects of BNP on renal cells but lacked the effects on vascular cells and intact vascular rings.
To determine whether ASBNP.1 activates NPR-A or NPR-B, in vitro studies were performed using HEK cells that stably express human NPR-A or human NPR-B (9) (Fig. 6 A and B) . For NPR-A, the EC 50 for BNP was 33.5 nM, and for ASBNP.1, the EC 50 was 3.86 M. For NPR-B, the EC 50 for CNP was 48.4 nM, and for ASBNP.1, the EC 50 was Ͼ10 M. Since NPR-C does not activate cGMP, formal binding studies were performed. The IC 50 for BNP was 4.52 nM and was 38.8 nM for ASBNP.1. These data suggest that ASBNP.1 is a poor activator of NPR-A and has reduced binding to NPR-C compared with BNP. These data hint at a receptor or receptor subtype in the kidney to which ASBNP.1 is a ligand. Based on the distinct in vitro properties of ASBNP.1 including the ability to stimulate cGMP in isolated canine glomeruli and in cultured human mesangial cells without similar effects on vascular cells, we hypothesized that ASBNP.1 might have therapeutic properties in a disease state such as heart failure independent of vasoactivity in vivo. A dose escalation study (2, 10, and 100 pmol/kg/min) of i.v. infusion of ASBNP.1 in a canine rapid-pacing model of overt heart failure (10) demonstrated increased aquaresis (from 0.19 Ϯ 0.04 to 0.32 Ϯ 0.07, 0.46 Ϯ 0.11, and 0.40 Ϯ 0.09 mL/min, P Ͻ 0.05) with a trend for urinary sodium excretion to increase (Table S1 ). Importantly, ASBNP.1 enhanced the glomerular filtration rate (GFR) (from 31 Ϯ 4 to 47 Ϯ 8, 69 Ϯ 10, and 57 Ϯ 9 mL/min, P Ͻ 0.05). These renal actions were associated with increases in urinary BNP, ANP, and cGMP (P Ͻ 0.05) excretion. ASBNP.1 did not have any systemic or renal vasodilatory action demonstrated by a lack of change in mean arterial blood pressure, renal blood flow, or cardiac-filling pressures even at the highest dose.
These data led to a further study of longer infusion at the highest dose (n ϭ 5). A sustained IV infusion of ASBNP.1 at 100 pmol/kg/min had no effect on mean arterial pressure (Fig. 7) . Importantly, ASBNP.1 markedly enhanced GFR while inducing natriuresis and diuresis. These specific renal actions were associated with increases in plasma and urinary cGMP excretion. ASBNP.1 also significantly suppressed both plasma renin and angiotensin II during the infusion. No change in renal blood flow was noted at any time during the study. Thus, in vitro and in vivo we demonstrated that ASBNP.1 has renal-enhancing actions while lacking any dose-limiting hypotensive effects. Taken together, ASBNP.1 has significant potential as a unique and distinct renal protective and GFR-enhancing therapeutic.
Discussion
The complexity of the human proteome provides a diverse array of peptides that might be used as therapeutic targets or biologic therapeutics. As alternative splicing usually affects coding regions (11), altered functions of resulting proteins would be predicted. We identified an alternatively spliced transcript of BNP resulting from retention of intron 2 in failing human left ventricular tissue. This alternatively spliced transcript is expressed at levels 2 log-fold less than BNP and is down regulated in the setting of ventricular unloading. As BNP expression is up-regulated in heart failure, it is not surprising that alternative forms might exist in this setting where regulated and stochastic mechanisms might exist (12) . We further identified protein expression of the unique carboxyl terminus from cardiac myocytes in humans using a specific antiserum, which supports that the alternative transcript is translated in humans. Determining the extent and degree of expression in health and disease will require further study.
The deduced peptide ASBNP was synthesized and shown to lack equipotency of BNP in stimulating cGMP in vascular cells and lacked the ability to vasorelax preconstricted arterial rings. Based on structural considerations regarding the alternative transcript, we then generated a carboxyl terminus-deleted form of the peptide (ASBNP.1) that also lacked vascular effects but importantly possessed renal properties. ASBNP.1 stimulated cGMP in a dose-dependent manner in isolated canine glomeruli and human mesangial cells, although these effects required higher concentrations of either BNP or ASBNP.1. The cGMP effects in mesangial cells were inhibited in a dose-dependent manner by HS-142-1, an inhibitor of particulate guanylyl cyclase receptors. Interestingly, ASBNP.1 is a poor activator of NPR-A and does not activate NPR-B in cells which specifically express human forms. Additionally, ASBNP.1 binds NPR-C less avidly than BNP. These data suggest a mechanism for the effects of ASBNP.1 including through an undefined particulate guanylyl cyclase linked receptor (13) . The functional effects of ASBNP.1 should provide the opportunity to define this mechanism.
Furthermore, in vivo studies in experimental heart failure corroborated these effects. ASBNP.1 has distinct renal effects but lacked the dose-limiting hypotensive effects of BNP. As such, ASBNP.1 may have therapeutic potential in patients with the cardiorenal syndrome in whom the GFR enhancement might be achieved without risk of hypotension. These effects would be distinct from BNP and are of great interest given the contraindication of nesiritide in hypotensive patients. In future studies, it would be of interest to determine whether the renal actions of ASBNP.1 may be potentiated by inhibition of neutral endopeptidase which degrades the endogenous natriuretic peptides as it is highly expressed in the kidney.
While the precise mechanism for selective renal actions of ASBNP.1 will require further study, this designer peptide represents a natriuretic peptide analogue totally devoid of systemic hemodynamic actions but with GFR-enhancing properties. Such a biological profile is highly attractive in human disease syndromes of reduced GFR in which most GFR-enhancing therapeutic interventions are associated with reductions in arterial pressure and compromised renal perfusion. Thus, alternatively spliced transcripts may not only provide drug targets and mechanisms of disease but may also provide opportunities to design therapeutics with unique features.
Methods
Cell Culture. Human umbilical vein endothelial cells (HUVECs) were purchased from American Type Culture Collection and cultured in endothelial growth medium (EGM) (Cambrex) containing FBS, bovine brain extract, human epidermal growth factor, hydrocortisone, gentamicin, and amphotericin B at 37°C in humidified 5% CO 2 in air. Primary human glomerular mesangial cells (Cell Systems Inc.) were grown in endothelial growth media. Cells from passages 2-5 were used in this study. Sf9 cells (BD Biosciences Pharmingen) were cultured in Hank's TNM-FH medium supplemented with 10% FBS (Mediatech).
RNA Isolation and Reverse Transcription.
Tissue from explanted failing human hearts was obtained using a human protocol approved by the Institutional Review Boards of the Mayo Foundation and the University of Minnesota. Total RNA was prepared by homogenization of heart tissues using TRIzol (Invitrogen) method and reverse transcription was performed using standard techniques and reagents. (RT-PCR kit, Invitrogen).
Generation of ASBNP cDNA. The forward primer 5Ј-AGACATGGATCCCCAGA-CAG-3Ј (start codon with first 4 nucleotides from 5Ј ULT region) and reverse primer 5Ј-GGCTGCCAAATGATAAACAG-3Ј (selected from second intron) were used for cloning ASBNP gene. A 2-L aliquot of the reverse transcription reaction product was used as DNA template in PCR and was carried out in Minicycler (MJ Research). The PCR amplified cDNA fragments were subcloned into the pCR2.1-TOPO vector using TOPO TA Cloning Kit (Invitrogen). The plasmid containing PCR fragments were purified using Miniprep kit (QIAGEN), and the sequence of the insert was conformed at Mayo Sequencing Core Facility.
Quantitative Real-time PCR. The mRNA levels of BNP and ASBNP were compared by real-time quantitative RT-PCR (PCR) analysis using the Light Cycler thermocycler (Roche Diagnostics Corp.). Details are provided in SI Methods.To quantify the amount of mRNA for ASBNP in failing human hearts, left ventricular tissues (n ϭ 6) from patients were obtained (14) . The mRNA levels of BNP and ASBNP in left ventricular tissue were examined in specimens using quantitative real-time PCR.
Antisera Generation and Purification. The deduced unique 33-aa ASBNP carboxyl terminus (GKHPLPPRPPSPI PVCDTVRVTLGFVVSGNHTL) was synthesized in Mayo Proteomic Research Center. A polyclonal anti-ASBNP c-terminus antiserum was generated using standard techniques (Cocalico Biologicals). The anti-ASBNP rabbit serum was collected, and the IgG was purified using affi-Gel Protein A MAPS II Kit (BIO-RAD) according to the manufacturer's instructions. The antisera detects ASBNP (and ASBNP.1) but does not detect ANP, CNP, DNP, urodilatin, or VNP) (Fig. S1 ).
Immunohistochemistry. Failing human heart samples were sectioned into 5-m thick sections and deparaffinized and incubated 30 min in 10 mM citrate buffer, pH 6.0, at 100°C for 30 min. The sections were blocked 30 min with 10% normal donkey serum followed with an incubation time for 60 min with rabbit anti-ASBNP antibody at 32 g/mL. Normal rabbit IgG replaced the primary antibody to service as the negative control. The sections were then incubated with biotinylated donkey anti-rabbit (GE Healthcare Bio-Sciences Corp.) at 1:200 for 30 min followed by alkaline phosphatase streptavidin (Vector Laboratories) at 1:300 for 45 min. The reaction was visualized using Vector Blue (Vector Laboratories). Construction of pAcGP67B-ASBNP. The secretory pAcGP67B transfer vector (BD Biosciences) was chosen to match the codon sequence. A forward primer 5Ј-CGGGATCCAGCCCCAAGATGGTGCAA-3Ј containing 18 bases from 2 nd exon with a BamHI site and a reverse primer 5Ј-GAAGATCTTTAAAGAGTGTGGT-TCCC-3Ј containing 18 nucleotides from 2 nd intron with a BglII site were used as PCR primers to amplify cDNA fragments that encoded mature ASBNP. The obtained PCR fragments were purified and subcloned into transfer vector pAcGP67B between the BamHI and BglII sites. The sequence of the insert was confirmed by double-stranded sequencing (Mayo Molecular Core Facility).
Measurements of Total Cellular cGMP from Cells in Culture.
The intracellular cGMP were measured by using BIOTRAK cGMP enzyme immunoassay system Kit (GE Healthcare Bio-Sciences Corp.) as previously described (15) . HUVECs were plated in 96-well Falcon plates and incubated 24 h to reach 80% confluence. Then cells were stimulated with various diluted conditioned media from transfected cells and different concentrations of synthetic BNP peptides dissolved in endothelial growth medium containing 0.5 mM IBMX for 30 min at 37°C with 5% CO 2, and cells were subjected to lysis following the instruction of BIOTRAK Kit. The amount of cGMP was calculated according to the standard curve that was generated from parallel reactions within the same experiment. HS-142-1 was used to investigate whether the effect of ASBNP.1 on mesangial cells was dependent upon a particulate guanylyl cyclase receptor.
Studies in Isolated Canine
Glomeruli. Normal canine kidneys were harvested and glomeruli were isolated (16, 17) . After 10 min of preincubation (37°C), aliquots of glomeruli suspended in Krebs buffer were incubated with human BNP (hBNP, Phoenix Pharmaceuticals, Inc.) or ASBNP.1 (final concentration 10 Ϫ5 M for both hBNP and ASBNP.1) for 10 min in the presence of isobutylmethylxanthine (0.3 mM). The controls consist of the same composition with the exception that Krebs buffer alone was used instead of glomeruli suspended in Krebs buffer. The final assay volume was 500 L. The reaction was terminated by addition of ice-cold trichloroacetic acid (final concentration 6.6%) (16) . Following centrifugation, a supernatant aliquot (800 L) was extracted with ether for cGMP assay (15, 16) , and the remaining supernatant was assayed for protein levels (BCA protein assay, Pierce Biotechnology). Results were corrected for protein levels (mean Ϯ SEM). 
